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Abstract
Three vortex shedding modes i.e. independent vortex shedding, interactive vortex
shedding and uni-directional vortex shedding, for flow induced by oscillatory verti-
cal cylinder with a disk attached at its keel were presented in Part I. The occurrence
of these modes were shown to depend on the Keulegan-Capenter (KC) number and
disk thickness-diameter ratio. Associated with these distinct changes of vortex shed-
ding patterns are distinct increases in the hydrodynamic damping. A quantitative
method of identifying the vortex shedding flow regimes is proposed, and the scaling
laws for heave damping estimation of cylinder+disk configuration are presented. A
sample calculation on a classic Spar platform show that addition of a heave plate
increased the heave damping four-fold.
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1 Introduction
Offshore structures such as a Tension Leg Platform (TLP) or Spar experi-
ence damping from two natural sources, namely, material and hydrodynamic
damping. In order to enhance the damping mechanism to avert the resonant
oscillation of a TLP or Spar in the vertical direction, additional mechanical
damping devices or other active damping systems may be introduced exter-
nally. One such idea is to add a disk at the base of the cylindrical structure
(Thiagarajan & Troesch, 1998; Tao, 2002).
Appendages have long been used to control amplitudes of undesirable motion
of structures in a fluid. Typical examples are bilge keels on the ships and he-
lical strakes on risers, also recently applied to Spar hulls. Chakrabarti (1989)
proposed an external ring arrangement to TLP columns as a method of in-
creasing heave damping to control ‘springing’ oscillations. Srinivasan et al.
(1991) showed through experiments that an array of small-diameter diamond
shaped tubes increases the in-line drag coefficient for a cylinder by as much as
five times at low KC numbers although the results were obtained for a fixed
deep-water structure.
For easy reference, the definitions of the two governing parameters for small
amplitude oscillatory flow induced by the oscillation of a bluff body with sharp
edges, i.e. the Keulegan-Carpenter number (KC) and the frequency parameter
(β) are repeated here:
KC =
2πa
Dd
(1)
β =
(Dd)
2f
ν
(2)
2
where Dd is the diameter of the disk, a and f are the amplitude and frequency
of the oscillation respectively and ν is the kinematic viscosity of the fluid.
Based on a discrete vortex method, the inviscid drag force due to vortex shed-
ding off two dimensional edges was studied by Graham (1980) and Bearman
et al. (1985). Graham (1980) used the Blasius equation to obtain a formula
for the inviscid drag force, which showed good agreement with experimental
measurements. The vortex shedding force was found to be dependent on KC
and the internal angle of the isolated edge.
A few investigations specifically on the viscous heave damping of a cylin-
der+disk are reported in the literature. Thiagarajan & Troesch (1998) mea-
sured the heave damping of a vertical cylinder with an attached disk, over a
range of KC = 0.1 ∼ 1.0 and β = 89236. The results showed that the heave
damping induced by the disk was linear with the amplitude of oscillation. The
disk was found to increase the form drag coefficient (Cd) two-fold.
A systematic study of vortex shedding flow of oscillating cylinder+disk in
different KC and aspect ratio, td/Dd (td is the thickness of the disk), was
described in Part I. Viscous flow-structure interaction problem was solved
by direct numerical simulation based on finite difference method. Over the
range of flow parameters investigated, viz. KC from 7.5 × 10−4 to 0.75 and
β = 158463, three shedding modes were observed. These modes, named inde-
pendent, interactive and uni-directional, were found to be governed by both
flow parameters (KC, β) and the geometry of the disk, such as td/Dd. The
influence of aspect ratio of the disk was found to have the most striking effect
on vortex shedding, especially when the aspect ratio is small. Further, the
effect of changing aspect ratio was found to be dependent very strongly on
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KC number. In the case of a thin disk with two edges the vortex shedding
at low KC was found to be uni-directional rather than ‘diagonal shedding’
of a 2-D normal plate at low KC number since the flow is constrained to
be an axisymmetric. The direction of the uni-directional vortex shedding of a
cylinder+disk oscillating at low KC was found to be dependent on the initial
start-up condition.
The present paper is focused on the calculation of hydrodynamic force on
a cylinder+disk configuration in forced heave oscillation. Based on the cal-
culations, a quantitative method is proposed to identify the different vortex
shedding regimes as well as evaluating the damping coefficients. It should be
emphasized that all formulations proposed here are in general valid at low KC
number range only (Table 1). The paper attempts to provide an estimate of
the critical disk thickness that maximizes heave damping for a typical TLP or
Spar application.
2 Overview of theoretical formulation
The flow generated by a vertical cylinder with a disk attached at keel os-
cillating along its axis can be idealized as axi-symmetric by neglecting 3-D
effects due to small amplitude. The governing equations for the time depen-
dent unsteady flow are the continuity and the Navier-Stokes equations for an
incompressible viscous fluid. The theoretical formulation for the nonlinear ini-
tial boundary-value problem defined by the governing equations and boundary
conditions was solved by using finite difference method based on curvilinear
coordinates. The primitive variables, i.e. velocity and pressure were obtained
by solving momentum equations and the Poisson equation alternately (Tao &
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Table 1
Geometry and flow parameters
Parameter range
Flow parameter KC 0.00075 ∼ 0.75
β 158463
Geometry parameter td/Dd 0.00075 ∼ 1.642
Dd/Dc 1.333
Thiagarajan, 2003).
The hydrodynamic heave force acting on the cylinder+disk is calculated by
integrating the vertical component of the stress vector along the cylinder and
disk surfaces.
F = −
∫
SB
{
−pny +
1
Re
(
∂u
∂y
+
∂v
∂r
)nr +
2
Re
∂v
∂y
ny
}
ds, (3)
where SB denotes the cylinder+disk surface area, p the dynamic pressure, and
(nr, ny) the radial and axial components of the unit-normal vectors along the
cylinder+disk surfaces. The three terms of the right hand side of the above
expression represent the dynamic pressure component, the viscous shear-stress
component and the normal viscous-stress component respectively.
A Morison’s equation-like formula can be used to normalise the heave damping
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force of an oscillating cylinder+disk
Fd(t) =
1
2
̺SCdv(t)|v(t)|, (4)
where v(t)(= aωcos(ωt)) is the velocity of oscillation. Since the cylinder and
the disk are subjected to a sinusoidal oscillation, the drag and the added mass
coefficients are obtained in a Fourier averaged sense as
Cd = −
3ω
4̺SU2m
T∫
0
F (t) cos(ωt)dt, (5)
Ca =
1
π̺∀Um
T∫
0
F (t) sin(ωt)dt, (6)
where Um(= aω) is the amplitude of the velocity of the oscillation, T and ω
are the period and radial frequency of the oscillation. The inertia coefficient
of the system can then be calculated as Cm = 1 + Ca.
An alternative expression of the drag force by using the equivalent linear
damping coefficient B is
Fd(t) = Bv(t). (7)
The equivalent linear damping coefficient is then obtained (Sarpkaya & Isaac-
son, 1981):
B =
1
3
µβDd(KC)Cd, (8)
where µ is the dynamic viscosity.
A non-dimensional damping ratio may then be defined as
Z =
B
Cc
, (9)
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where Cc = 2(m+ma)ω is the critical damping of the system, m and ma repre-
sent the mass and added mass respectively. In order to examine the dependence
of the viscous damping on the geometry of the disk, the oscillating frequency
is used in defining the critical damping instead of the natural frequency of the
system. Therefore, the damping ratio defined in Eq. (9) is a slightly modified
damping ratio. By inserting expressions for the mass m + ma = Cm̺∀ (∀ is
displaced volume of the system) and B, one can obtain the damping ratio
Z =
1
3π2
CG
Cd
Cm
(KC) (10)
where CG is a geometric constant
CG =
D2dD
(D2Td +D2dtd)
=
D
Dd
( D
Dd
)2 Td
Dd
+ ( td
Dd
)
, (11)
and D is the diameter of the cylinder while Td and td represent the draft of
cylinder and the thickness of the disk respectively. Equation (11) shows that
the constant CG depends on the geometry of the cylinder+disk configuration,
and is a function of diameter ratio ( D
Dd
), aspect ratio ( td
Dd
) and draft diameter
ratio ( Td
Dd
) of the geometry.
3 Results and discussions
It is common practice in hydrodynamic analysis of viscous flow-body interac-
tion to decompose the drag force on the body into two components:
• friction drag - independent of KC (Thiagarajan & Troesch, 1994, 1998);
• form drag - independent of KC in the limit of KC → 0, but changing to
linear dependence on KC for KC ∼ O(1) (Tao et al., 2000).
7
The formulation of Thiagarajan & Troesch (1994) explores the physics of
damping and concludes that the offset of the damping curve (Z ∼ KC) is due
to friction and is viscous dependent. Fortunately this is a small contribution
to the overall damping and hence scaling effects are unimportant. The major
contribution is due to the slope of the curve and which is viscosity independent.
Viscous shear stress acting on the structure’s side walls in phase with velocity
is the main source of friction damping force, while form damping component
is primarily attributed to the flow separation and vortex shedding at the sharp
edges of the disk. Substituting the viscous shear-stress term and the dynamic
pressure term of Eq. (3) instead of total force F (t) into Eq. (5), one can derive
the two components of damping coefficient and damping ratio respectively.
The present numerical results were validated by comparing the calculated
damping ratio with measurements of Thiagarajan & Troesch (1998). The ex-
periments were conducted at β = 89236, for KC ranging from 0 to 1. Figure
1 shows that the experimental trends are captured reasonably well by our
numerical simulations. The damping ratio is seen to be following an approxi-
mately linear trend with a non-zero offset value at KC = 0. However, as KC
increases beyond 0.5, numerical results for the cylinder+disk show a nonlinear
trend, presumably due to interaction between vortices shed from either edge
of the disk. The slight deviation for the case of the cylinder is explained as a
corner radius effect by Tao & Thiagarajan (2000).
Part I (Tao & Thiagarajan, 2003) of this paper presented three vortex shedding
regimes accompanied by distinct vortex shedding behaviour. The independent
vortex shedding regime is characterised by small amplitude of oscillation com-
pared to the disk thickness. Convection of vorticity is weak, and diffusion pro-
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cesses dominate. In contrast, the higher-order non-linear KC dependence of
the viscous damping reveals that the significant convection effect dominates in
the uni-directional vortex shedding regime. In between these two vortex shed-
ding regimes, exists a transitional vortex shedding regime. Since the length
scale of the vortex formation and the thickness of the disk are similar, the
interaction between the vortices of the two edges becomes a dominant fea-
ture. In this regime, both convection and diffusion contribute to the viscous
damping.
From the point of view of energy conservation, vortices leaving a control vol-
ume surrounding the body edges represent effective means of energy dissipa-
tion. Thus convection processes may be expected to contribute to higher damp-
ing than diffusive effects. Consequently damping ratios for the three regimes
may be significantly different. The damping values would thus depend on the
flow parameters KC and β, and geometry parameters, disk aspect ratio ( td
Dd
),
diameter ratio ( D
Dd
) and draft diameter ratio ( Td
Dd
). However, the latter two
parameters are shown to be less influential (Tao & Thiagarajan, 2003). In the
sections below, we analyse the influence of key parameters KC, ( td
Dd
) and the
consequent variation in damping ratio trends in the different flow regimes.
It is noted that Top Dead Centre (TDC) start-up condition is used for all
uni-directional flow regime data.
3.1 Effect of aspect ratio of disk (td/dd)
The magnitude of the fluctuating instantaneous drag coefficient (Cd) can be
represented by its mean value, the viscous damping ratio (Z) in the Fourier-
averaged sense. To illustrate the most basic and typical aspect ratio effects on
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vortex shedding of the disk flow, the form drag component of viscous damping
ratio, Zform, is presented as a function of aspect ratio of the disk. In Fig. 2,
results for the two KC numbers have been plotted: (a) KC = 0.075 and (b)
KC = 0.75. Curve (a) shows how Zform increases as the aspect ratio decreases
at the low KC number. There are two regions in which these increases oc-
cur. The first increase starts at an aspect ratio about td/Dd = 0.120 and the
damping ratio reaches a peak at td/Dd = 0.036. However the trend of increas-
ing viscous damping for the thinner disk is reversed for aspect ratio around
0.036, probably owing to the forces of viscosity and convection cancelling each
other in the small range of td/Dd from 0.024 to 0.036 at KC = 0.075. At an
aspect ratio below 0.024, significant and rapid increase in viscous damping
is evident. As observed in flow visualisation, this is attributed to the strong
convection effect of the flow. For td/Dd > 0.12, aspect ratio effects are very
weak, as shown in Fig. 2. Consequently, the form damping ratio appears to be
approximately independent of aspect ratio. This is because the vortex shed-
ding processes of the two edges are unlikely to interfere owing to the large
thickness of the disk compared to the length scale of the vortex shedding.
Since the amplitude of oscillation of curve (a) is very small (KC = 0.075),
the interference from the boundary layer on the side wall of the cylinder is
also very weak. As observed in flow visualisation, flow is symmetric about the
mean position of the oscillation and exhibits two independent vortex shedding
processes.
A similar trend of increasing damping ratio with reducing aspect ratio is also
observed for the higher KC number, curve (b), in Fig. 2. However, the two
regions of increasing form damping ratio start at much higher aspect ratios,
td/Dd = 0.818 and 0.110 respectively, indicating that the stronger aspect ratio
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dependence is only significant in combination with KC number effects. As can
be seen in Fig. 2, for KC = 0.750, at td/Dd above 0.818, the aspect ratio effect
is very weak since the two vortex shedding processes of the two edges aided by
the disk thickness become independent of each other. However, a slight change
in Zform at higher aspect ratios is more obvious than that for KC = 0.075
since the interference from the boundary layer of the cylinder wall is stronger
at the higher value of KC. This is consistent with the observations made in
Part I (Tao & Thiagarajan, 2003).
Figure 3 shows the variation of the form drag coefficient Cd(form) at various
aspect ratios of the disk, along with the corresponding results for a single
cylinder. It is seen in Fig. 3 that at a larger aspect ratio (td/Dd = 0.1) the
form drag component of the drag coefficient is almost double that of the
single cylinder case indicating that the vortex shedding processes of the two
edges of the disk can be treated as independent dynamically. However, as KC
increases, the length scale of the vortices increases along with the existence of
the cylinder suppressing the vortex shedding process of the upper edge of the
disk. This in turn reduces the form drag coefficient and this edge can no longer
be treated as physically isolated. The interaction between the two edges of the
disk may also contribute to the decline in Cd(form) at largerKC. ForKC ≤ 0.3,
the two curves for the higher aspect ratios td/Dd = 0.1 and td/Dd = 0.0417
are very close. This indicates that the flows are undergoing the same vortex
shedding mode, i.e. interactive vortex shedding. However, as KC increases, the
stronger convection effects associated with the smaller aspect ratio, td/Dd =
0.0417 indicates that the flow is undergoing uni-directional vortex shedding,
and consequently produces more drag. This considerable increase in Cd(form)
leads to the curve of td/Dd = 0.0417 tending to be very close to that of td/Dd =
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0.0104 instead of substantial decline as shown for aspect ratio td/Dd = 0.1.
As the aspect ratio continues to decrease, e.g. td/Dd = 0.0104, as can be seen
in Fig. 3, the form drag coefficient (Cd(form)) of the cylinder+disk configura-
tion is substantially larger than twice that of the single cylinder due to strong
convection effects and the interference between the two vortex shedding pro-
cesses of the two edges, implying that the two processes cannot be simply
treated as independent.
3.2 Effect of KC
The viscous damping ratio was also calculated for different KC numbers.
Figure 4 shows the variation of the form drag component of the damping ratio,
Zform, against KC at β = 158463. Again, three cases are considered here:
td/Dd = 0.0104, 0.0417 and 0.1, being representative for flow generated by
cylinder and disks of small, intermediate and large aspect ratios respectively.
Depending on the aspect ratio, all three curves of Zform ∼ KC distinctly
show a non-linear relationship. As KC approaches zero, the form damping
ratio of all three different aspect ratios tend towards a constant, albeit very
small, and Zform is independent of KC. Similar results were also obtained for
a truncated cylinder at very low KC by Huse (1990) and Tao et al. (2000). For
the smaller aspect ratio, td/Dd = 0.0104, and for KC = 0.003 the very small
slope of the curve reveals that the Zform is weakly dependent on KC owing to
the weak vortex shedding in the independent vortex shedding flow regime. As
KC increases, Zform increases with a higher slope of the curve indicating that
the flow is now in the interactive vortex shedding mode. Therefore, the KC
dependence of Zform is stronger than in the previous regime. At KC = 0.070,
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the slope of the curve shows a sharp increase due to the onset of uni-directional
vortex shedding in the flow attributed to the strong convection effect. Since
transition of the flow regimes is gradually achieved depending on aspect ratio
and KC, it is evident in Fig. 4 that the changes of the slopes of the curves
are also gradual.
A similar non-linear trend with KC is also observed for larger aspect ratio
td/Dd = 0.0417 and 0.1. However, the transition points are strongly depen-
dent on the aspect ratio. The present results obtained for small aspect ratio,
td/Dd = 0.0104, show that the transitions occur at KC = 0.003 and 0.07,
whereas for a larger aspect ratio of td/Dd = 0.0417 the transitions occur at
KC = 0.02 and 0.40 respectively. At an aspect ratio as high as 0.1, over
the range of KC calculated, only one transition, i.e. from independent vortex
shedding to interactive vortex shedding is observed at KC = 0.06. The tran-
sition from interactive to uni-directional vortex shedding regimes is expected
to occur at much higher KC.
As KC increases from a value of 0.06 to 0.40, it is seen in Fig. 4 that two
curves at higher aspect ratios, td/Dd = 0.0417 and 0.1, are almost identical.
This is because the two flow conditions undergo the same interactive vortex
shedding mode for these two aspect ratios. This further reveals that flows
in the same vortex shedding mode, but of different combination of KC and
td/Dd possess the same hydrodynamic damping behaviour. Upon increasing
KC further, the curve of td/Dd = 0.0417 exhibits a higher slope than that of
td/Dd = 0.1, indicating that the flow undergoes a transition into a regime of
stronger vortex shedding, i.e. uni-directional vortex shedding regime, whereas
the flow of td/Dd = 0.1 is still in the interactive vortex shedding regime thereby
the slope is approximately unchanged. The slight drop of the slope at large
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KC is due to the interference of the boundary layer of cylinder suppressing
vortex shedding.
4 Damping characteristics of the vortex shedding regimes
The transition between the vortex shedding regimes can be observed through
flow visualisation, and was discussed in Part I (Tao & Thiagarajan, 2003).
The variation of the form damping, primarily attributed to the flow separation
and vortex shedding, provides an alternative to the identification of the vortex
shedding regimes. In order to develop an effective and quantitative method to
identify the critical aspect ratios for these transitions, it is essential to define
a new non-dimensional parameter representing the combining effects of KC
and td/Dd on the vortex shedding and the hydrodynamic force.
Graham (1980) proposed a power law for the form drag coefficient of a two-
dimensional isolated edge in oscillatory flow,
Cd(form) = A(KC)
n (12)
where A and n are coefficients depending on the internal angle (δ) of the edge.
For a flat plate (δ = 0), Graham’s (1980) theory gives values of 11.8 and −1/3
for the coefficients A and n respectively.
Since the flow and hydrodynamic properties of the cylinder+disk configura-
tion is dominated by the disk, therefore, Eq. (12) may also be applicable to
the calculation of the drag coefficient in the present case, especially when
td/Dd is very small. Substituting the above expression of Cd(form) into Eq.
(10) and rearranging, the form drag component of the damping ratio for the
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cylinder+disk is obtained as
Zform =
1
3π2
CG
11.8KC(2/3)
Cm
. (13)
However, by using least-squared curve fit, the present numerical results for the
form damping at very small aspect ratio (td/Dd = 0.0104) oscillating in a uni-
directional vortex shedding regime yield A ≈ 4.0 and n ≈ −1/4 respectively.
The different value of A is primarily due to the different geometries, i.e. 2D
flat plate in Graham (1980) whereas an axisymmetric circular disk attached
to a cylinder applies to the present study. Several reasons may cause the
discrepancy of 25% in the value of n between Graham’s (1980) theory and the
present numerical results. Firstly, the KC number range is considerably lower
than that of Graham (1980), e.g. KC = 0.00075 ∼ 0.75 in the present study
compared to KC ≥ 6 for the former. Diffusion is still an important effect on
the flow and damping in the convection predominant uni-directional vortex
shedding regime. In contrast, inviscid flow was assumed in Graham’s (1980)
theory. Secondly, suppression of the vortex shedding due to the presence of the
cylinder wall reduces the strength of the vortices, which in turn reduces the
form damping on the cylinder+disk configuration. This is more pronounced
as KC increases. Thirdly, theoretical values of the inertia coefficient Cm were
used to obtainA and n from the present numerical results, and are independent
of KC. However, numerical calculation shows that the Cm of viscous flow is
about 4% higher than in potential flow at very low KC, and up to 14% higher
at KC = 0.75.
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The modified formula to estimate form damping ratio at very small td/Dd
based on the present numerical calculation is obtained as
Zform
KC(3/4)
=
1
3π2
CG
4.0
Cm
. (14)
Equation (14) clearly shows that, for a fixed aspect ratio td/Dd,
Zform
KC(3/4)
is
independent of KC if the influence of KC on the added mass coefficient can
be neglected. Therefore, a modified form damping ratio, Z ′form, can be defined
as
Z ′form = Zform/KC
3/4 (15)
The plot of the variation of the modified viscous form damping ratio Z ′form
against a new parameter td/Dd
KC3/4
is shown in Fig. 5. The good collapse of the
curves for different KC numbers seen in Fig. 5 indicates that the parameter
td/Dd
KC3/4
does represent the hydrodynamic characteristics properly. The small
discrepancy among the curves of KC = 0.075, KC = 0.375 and 0.75 is at-
tributed to the interference of the boundary layer of the cylinder wall, as
observed in flow visualisation, which suppresses the vortex shedding process
and subsequently reduces the form damping ratio at high KC.
The critical aspect ratios of the disk at which the flow undergoes the transi-
tions from independent into interactive vortex shedding regimes, (td/Dd)cri1,
and from interactive into uni-directional vortex shedding regimes, (td/Dd)cri2,
depend on both KC and β. Since KC is a more dominant flow parameter than
β on vortex shedding and the associated hydrodynamic properties of this fluid
body interaction problem, as stated in Tao et al. (2000), therefore, in this
study KC is the primary flow parameter for the discussion of the critical
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aspect ratios.
As can be seen in Fig. 5, above td/Dd
KC3/4
≈ 0.83, the curves of all three KC
numbers become approximately straight lines of very small slope, implying
that the damping ratio is weakly dependent on aspect ratio. This is a clear
indication that the flows undergo transition into the independent vortex shed-
ding regime, where vortices are shed independently from the two edges of the
disk and no obvious interference between the two vortex shedding processes
occurs. It is also consistent with the flow visualisation observations of Part I
(Tao & Thiagarajan, 2003). Therefore we define (td/Dd)cri1 = 0.83 × KC
3/4
as the critical aspect ratio of the transition between the independent vortex
shedding regime and the interactive vortex shedding regime.
In contrast, the critical aspect ratio for transition between interactive vor-
tex shedding and uni-directional vortex shedding regimes, (td/Dd)cri2, is much
more difficult to identify and define. Two possible reasons can be cited. Firstly,
the transition between the vortex shedding regimes is a gradual procedure,
while the simulation is carried out only at some discrete aspect ratios. Sec-
ondly, significant interference between the shed vortices also occurs at small as-
pect ratios in the interactive vortex shedding regime resulting in sharp increase
in viscous damping (below td/Dd
KC3/4
= 0.14 in Fig. 5). Further, the transition from
interactive to uni-directional vortex shedding regimes occurs in a very small
range of aspect ratio in which Z ′form appears to be increasing rapidly. There-
fore, some kind of criterion must be specified in order to determine the critical
aspect ratio for the indication of the onset of the uni-directional vortex shed-
ding. In this study, and as supported by the observations made using flow
visualisation, this critical aspect ratio is defined as the aspect ratio at which
the modified form damping ratio Z ′form is twice of that of the transition from
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the independent vortex shedding to the interactive vortex shedding regime,
i.e. (Z ′form)cri2 = 2× (Z
′
form)cri1. This results in (td/Dd)cri2 = 0.065KC
3/4.
With the above definitions, the critical aspect ratios for the transition of the
different vortex shedding regimes at different KC are determined. Figure 6
plots the critical aspect ratio against KC number. It is shown that the critical
aspect ratios for both transitions of the vortex shedding modes increase as
KC increases. Scaling laws for evaluation of viscous heave damping of cylin-
der+disk configuration are further developed in the following section based on
the vortex shedding flow regimes identified here.
5 Scaling laws for estimation of heave damping
Since the coefficients A and n are dependent on the internal angle of the edge,
strictly speaking, Eq. (14) would be only valid for a disk of extremely small
aspect ratio. This implies that Eq. (14) may be considered suitable to esti-
mate the form damping for flows undergoing uni-directional vortex shedding
mode only. However, the following calculations demonstrate that Eq. (14) with
appropriate coefficients A and n representing different strengths of the vor-
tex shedding in the independent and interactive vortex shedding regimes may
still be applicable to calculate the form damping ratio in the other two flow
regimes. The values of coefficients A and n obtained by a power law curve fit
from the present numerical calculation in all three vortex shedding regimes are
given in Table 2. Since the results of form damping obtained at high KC are
contaminated by the effect of vortex shedding suppression due to the cylinder
wall, it is noted that, in obtaining the coefficients A and n, good data correla-
tion is only achieved by the data fit procedure without including the few data
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Table 2
Coefficients A and n for flow in different vortex shedding regimes
Coefficients
A n
Present numerical Independent vortex shedding 0.15 −34
Interactive vortex shedding 2.5 −15
Uni-directional vortex shedding 4.0 −14
Graham’s (1980) theory Flat plate δ = 0 11.8(8.0∗) −13
Diamond cylinderδ = pi2 5.7(3.2
∗) 0
* The values were obtained in their experiments.
points at high KC.
Three different scaling laws for the damping ratio estimation, Zform, corre-
sponding to the distinct vortex shedding flow regimes are therefore obtained:
For the independent vortex shedding regime
Zform =
1
3π2
CG
0.15KC
1
4
Cm
, (16)
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for the interactive vortex shedding regime
Zform =
1
3π2
CG
2.5KC
4
5
Cm
, (17)
and for the uni-directional vortex shedding regime
Zform =
1
3π2
CG
4.0KC
3
4
Cm
. (18)
As shown in Table 2, coefficient A increases as internal angle decreases, and the
very small value of A corresponding to the flow in independent vortex shedding
regime indicates low vortex shedding strength associated with the flow due to
low KC. Similar trend of A was also obtained from Graham’s (1980) theory.
Graham (1980) also demonstrated that the value of coefficient n increases
from −1/3 to 0 as the internal angle δ increases from 0, for a flat plate, to π/2
representing a 2D cylinder with diamond cross section. This indicates that
smaller internal angle results in stronger vortex shedding, and consequently
larger damping. As shown in Table 2, the present numerical calculation yields
−1/4 to −1/5 for the uni-directional and interactive vortex shedding flow re-
spectively. However, for the independent vortex shedding regime, the present
calculation gives −3/4 indicating Zform ∝ KC
1/4, apparent reversing trend to
Graham’s (1980) theory (n increases as δ increases). This is primarily due to
considerably lower KC in the present calculation resulting in weaker vortex
shedding in this flow regime. Tao et al. (2000) demonstrated that the form
damping ratio of an oscillating vertical cylinder is independent of KC and
linearly dependent on KC in the linear and non-linear (in terms of oscillat-
ing velocity) damping regimes respectively. It was also stated earlier, that the
two edges of the cylinder+disk configuration in the independent vortex shed-
ding regime can be treated as isolated edges due to relatively large thickness
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compared to the amplitude of the oscillation. However, Eq. 16 (n = −3/4)
showed that the form damping ratio is neither independent of (n = 1), nor
linearly dependent on KC (n = 0), but weakly dependent on KC. The rea-
son for this can be explained as follows. Firstly, the very small KC number
associated with the independent vortex shedding regime due to the relatively
large aspect ratio, is still larger than the KC number range of linear damping
regime, therefore will not result in KC independent form damping. The weak
dependence of form damping on KC shown in Eq. (16) is due to the combined
effect of weak vortex shedding and the weak interaction between the vortices
of the two edges. As the thickness of the disk continues to increase and KC
decreases, the damping ratio will tend to be independent of KC.
Figure 7(a-c) shows a comparison of Zform calculated by the present numerical
simulation and Eqs. (16) ∼ (18). Measurements of damping ratio from the
model tests of Thiagarajan & Troesch (1998) are also plotted in Fig. 7(b).
As can be seen, the results of the scaling laws (Eqs. (16) ∼ (18)) are in good
agreement with the numerical and experimental results at KC ≤ 0.4 but are
markedly larger at high KC due to the reduction of form damping in the
present numerical calculation caused by the vortex shedding suppression of
the cylinder wall.
6 An example calculation
Damping variation due to a prototype Spar without and with a heave plate of
different thickness were calculated using Eqs (16) ∼ (18) and direct numerical
simulation. The geometries of the Spar and heave plates are shown in Table 3.
The values of td/Dd
KC3/4
indicate that the flow of configuration 2 and 3 experiencing
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the interactive and uni-directional vortex shedding respectively. The compar-
ison for KC = 0.11 ∼ 0.56 is shown in Fig. 8. It is clear that the increase
in damping ratio is steeper when the disk is thinner. Compared to the Spar
without heave plate, the linear fits in Fig. 8 show nearly two- and four-fold
increases in the slope of the curves with the heave plates. This indicates that
the form drag component of the damping ratio, representing the slope of the
Z ∼ KC curves, increases significantly by adding a heave plate to the Spar,
and the increase in heave damping is more pronounced with a thinner heave
plate. Heave damping calculated using Eqs (17) and (18) for configuration 2
and 3 were also shown in Fig. 8. It was seen that the scaling laws obtained
in this study predict the heave damping very well for Spar+plate oscillating
in interactive regime but under-estimate by about 20% in the uni-directional
vortex shedding regime. It was noted that the Eqs. (16) ∼ (18) were developed
based on the present numerical simulation for cylinder+disk configuration at
model scale. Though convection is dominant, the discrepancy of the heave
damping calculated by using Eqs. (16) ∼ (18) and direct numerical simulation
in uni-directional vortex shedding regime is partly attributed to the signifi-
cantly higher Reynolds number of flow of the prototype Spar with a heave
plate, in which turbulence may play an important role. This can be further
demonstrated by the difference of the offsets shown in Fig. 8. Considering
the strong damping dependence on aspect ratio in the uni-directional vortex
shedding regime, as shown by the steep slope of the curve in Fig. 2 and Fig. 5
for the small thickness of heave plate, the scaling laws developed in this study
predict viscous damping resonably well. For the purpose of suppression of the
heave resonance in deep water offshore structures, the minimum thickness of
the attached heave plate of adequate structural strength would be desirable.
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Table 3
Configurations of prototype Spar and heave plates (Thiagarajan et al., 2002)
Configuration 1 2 3
Spar diameter D (m) 39.0 39.0 39.0
Draft Td (m) 198 198 198
Disk diameter Dd (m) No disk 51.2 51.2
Disk thickness td (m) No disk td1 = 3.048 td2 = 0.4755
Period (sec) 28
β 7.87× 107
KC 0.11 ∼ 0.56
td1/Dd
KC3/4
0.065 < 0.092 ∼ 0.307 < 0.83
td2/Dd
KC3/4
0.014 ∼ 0.048 < 0.065
7 Conclusions
Based on the numerical method presented in Part I (Tao & Thiagarajan, 2003),
the hydrodynamic damping calculations in this study lead to the following
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conclusions:
Over the range of KC number from 0.00075 to 0.75, depending on the aspect
ratio, td/Dd, of the attached disk, the flow field of the oscillating cylinder+disk
configuration contains three different regimes, corresponding to three vortex
shedding modes, i.e. independent vortex shedding, interactive vortex shed-
ding and uni-directional vortex shedding, as presented in part I. Simultaneous
with the changes in vortex shedding flow regimes, the hydrodynamic damp-
ing exerted on the oscillating cylinder and disk are altered. A lower, weakly
KC-dependent damping was found to be associated with increased aspect ra-
tio, i.e. corresponding to the independent vortex shedding flow regime. In this
regime, the hydrodynamic damping is mainly due to the viscous effect, while
convection is very weak. Thus the flow of the oscillating disk can be treated ap-
proximately as that from an isolated sharp edge, while the damping is found
to be non-linearly (with different order) dependent on KC in the interac-
tive vortex shedding regime and the uni-directional vortex shedding regime.
The sharp increase in viscous damping on reducing aspect ratio due to domi-
nant convection effect in the uni-directional vortex shedding regime would be
favourable, as a means of improving the damping characteristics of offshore
structures. Both viscous and convection effects are important contributions to
the viscous damping in the interactive vortex shedding flow regime.
The influence of aspect ratio of the disk was found to have the most striking
effect on vortex shedding and the viscous damping, especially when the aspect
ratio is small. However, the effect of changing aspect ratio on heave damping
was also found to be dependent very strongly on KC number.
A method of quantitatively identifying the vortex shedding flow regimes was
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proposed based on the observations of hydrodynamic damping characteristics
resulting from the present numerical solutions. The method is dependent on a
new parameter combining the effect of KC and aspect ratio of the disk on the
vortex shedding. The form drag component of the heave damping ratio of the
cylinder+disk configuration is found to be non-linearly (of different coefficients
A and n) dependent on this new parameter given by td
Dd
/KC3/4.
Scaling laws for estimation of heave damping for the cylinder+disk configu-
ration are obtained explicitly in terms of KC and aspect ratio, and can be
directly applied to the preliminary design of heave plate for Spar or truss spar.
The critical aspect ratios for the transitions between the vortex shedding flow
regimes were found to increase as KC number increases.
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